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INTRODUCTION
One of the major risks associated with long-term manned space travel is the exposure of astronauts to various types of ionizing radiation. Radiation induces a plethora of DNA lesions, among which DNA doublestrand breaks (DSBs) are the most toxic. When DSBs are misrepaired, they can lead to chromosome aberrations (1, 2), cell death and mutations (3, 4) , and the accumulation of mutations resulting from errors in DNA damage repair is an early step in cancer development (5) . Consequently, organisms strive to faithfully and completely repair damaged DNA to control both cancer risk and genome stability.
When potentially lethal DSBs occur, cells rejoin these DNA ends either by direct non-homologous end joining (NHEJ) or by homologous recombinational DNA repair (HRR). These two pathways are distinct biochemically, have different substrate requirements, operate with different kinetics, and are used differently throughout the cell cycle [for review, see ref. (6) ]. NHEJ repairs DSBs by re-ligating their two DNA ends, and it appears to be more efficient than HRR, since many kinds of DSB ends can be rejoined without the requirement of a homologous template. However, NHEJ can result in imprecise rejoining and mutation. In contrast, a homologous template is required for the HRR pathway, which ensures that DSBs are repaired with high fidelity.
The KU70/80 heterodimer initiates NHEJ and forms an open-ring structure through which a DNA end can be threaded in a sequence-independent manner (7) . KU70/ 80 recruits DNA-PKcs, which together with the KU heterodimer forms the DNA-PK holoenzyme (8) . Once bound to a DNA DSB, DNA-PK displays protein Ser/ Thr kinase activity and phosphorylates itself and several substrates, including XRCC4 (9) . DNA-PK autophosphorylation facilitates its dissociation from the DNA, thus making the ends available for ligation by the DNA ligase IV/XRCC4/XLF complex. XRCC4 resembles a scaffolding protein that recruits other NHEJ factors to the break [for review, see ref. (10) ]. Biochemical evidence suggests that DNA-PKcs is required for the recruitment of the DNA ligase IV/XRCC4 complex to the chromatin after DNA damage (11) . However, it has also been suggested that DNA-PKcs and the DNA ligase IV/ XRCC4 complex are recruited to the DSB independently (12, 13) . In NHEJ, base pairing of DSB ends is essential, since ligation of blunt ends is not efficient (14) . To optimize base pairing, terminal base degradation may be required, but it is not extensive since NHEJ efficiently joins only DSB ends with overhangs of less than 4 bases (15) . In contrast, DNA 59-end resection to generate single-stranded 39-overhangs is a prerequisite for DSB repair by HRR and is active in S and G 2 phase [for review, see ref. (16) ]. These single-stranded DNA overhangs are initially coated with replication protein A (RPA), which subsequently is replaced by the RAD51 recombinase in an exchange reaction facilitated by the activities of RAD52 and of the RAD51 paralogs XRCC2, XRCC3, RAD51B, RAD51C and RAD51D [for review, see ref. (17) ]. RAD51D and XRCC2 form a complex (18) (19) (20) that, through its interaction with the Bloom's protein, also was shown to play a role at later stages of recombination (21) . Once assembled, the RAD51-nucleoprotein filament searches for the homologous template DNA and catalyzes the formation of the joint heteroduplex molecule that now provides the substrate for DNA synthesis around the site of the DSB. Resolution of the complex separates the recombined molecules into intact duplex DNAs.
High-LET charged particles deposit large amounts of energy along the ion trajectories, leading to the induction of highly localized DNA damage (22) . The organization of the chromatin and the track structure both affect the energy deposition of high-atomic-number and -energy (HZE) particles and lead to more clustered and non-randomly distributed DNA damage than is observed for low-LET radiation (23) . Complex, nonrandomly distributed DNA damage represents a considerable obstacle to efficient repair compared to isolated adducts (24, 25) , and it has been shown that iron-ion-induced clustered lesions prevent efficient KU70/80 binding (26) . These spatially correlated DSBs rejoin with slower kinetics and less completely than DSBs induced by low-LET radiation such as X rays (27) (28) (29) (30) (31) . Whereas X-ray-induced DSBs in G 1 are repaired primarily by NHEJ, in S and G 2 phase HRR plays a critical role [for review, see ref. (16)]. However, the contribution of HRR-mediated DNA repair of chargedparticle-induced complex DSBs is less well understood.
In this study, we used HRR-deficient rodent cells and a collection of human cell lines impaired in HRR due to gene-specific knockdown to determine the contribution of the HRR pathway in repairing DNA damaged sites introduced by high-energy iron ions. In particular, we asked whether compromised HRR would affect cell survival. For human cells, we determined whether HRR defects would alter mutation levels in response to ironion irradiation and investigated whether S-phase cells would show enhanced resistance to iron ions.
METHODS

Cells and Culture Conditions
Parental Chinese hamster ovary cells (AA8) and their HRR-deficient derivative 51D1 (referred to hereafter as rad51d
, or rad51d-deficient) generated via targeted inactivation of the AA8 RAD51D genes (32) were kindly provided by Dr. L. H. Thompson. 51D1 cells complemented by human RAD51D were described previously (33) . The cells were maintained as described earlier (32, 33) .
HCA2-hTERT human foreskin fibroblasts cells were a kind gift from Dr. J. Campisi and were maintained as described previously (34, 35) ; they were used between 45 and 50 cumulative population doublings in this study. U2OS-T-REx cells were a kind gift from Dr. Eric Campeau and were maintained in DMEM supplemented with 10% Tet-screened FBS, 1% L-glutamine, 0.5% penicillin/streptomycin and 5 mg/ml blasticidine S. U2OS-T-REx-shRNA-rad51 cells were obtained by transfection with pTER-hygro encoding RAD51 small hairpin RNA (shRNA) and selection for a stable, tightly regulated single clone. To obtain pTER-hygro-shRNARAD51, the following oligos were annealed and cloned into unique BglII and HindIII sites of pTER-hygro: 59-GATCCCGAAGCTGGATTCCATACTGTTCAA-GAGACAGTATGGAATCCAGCTTCTTTTTGGAAA and 59-AGCTTTTCCAAAAAGAAGCTGGATTCCATACTGTCTCTTG-AACAGTATGGAATCCAGCTTCGG.
This shRNA targets the 127-145-bp region of the RAD51 ORF. A stable clone, tightly regulated for doxycycline-inducible shRNA expression, was selected in the presence of both blasticidin S (for pT-REx selection) and hygromycin B (for pTER selection). Expression of RAD51 shRNA was induced by adding 1 mg/ml doxycycline to the growth medium for 6 days.
Cells of the human lymphoblast lines TK6 and WTK1 were maintained as described previously (36) . TK6 and WTK1 cells were derived from the same donor (37) but differ in p53 status (38) (39) (40) . Both cell lines carry the same mutated TK allele (41, 42) , allowing assessment of TK mutant fractions using the remaining TK wild-type allele.
Irradiation
Irradiations with 1 GeV/nucleon iron ions (LET 151 keV/mm) were performed at the NASA Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory, Upton, NY. The dose rates in these experiment varied from 0.5 Gy/min to 2 Gy/min. X-ray experiments were performed using 320 kVp X rays filtered through 0.5 mm copper at dose rates of 0.5 Gy/min to 1 Gy/min. All exposures were carried out at room temperature.
Synchronization
Synchronization of HCA2-hTERT cells was carried out essentially as described in ref. (43) . Briefly, for G 1 /G 0 synchronization, cells were seeded in 10% serum containing medium for 24 h followed by a shift into medium with only 0.2% FBS for 72 h; then medium with 10% serum was added for 4 h before exposure to iron ions. To synchronize cells at the G 1 /S border, medium was replaced by medium containing 10% FBS for 10 h. Then cells were incubated in 2 mM hydroxyureacontaining regular growth medium for 12 h. To release the cells from the G 1 /S block, they were washed three times in warm PBS and cultured in drug-free medium for 2 to 3 h before exposure to the ion beam.
U2OS-T-REx-shRNA-rad51 cells were synchronized at the G 1 /S border by double thymidine block. At 25-30% confluence, cells were treated with 2 mM thymidine in regular growth medium for 16 h (without doxycycline) or 18 h (with doxycycline). Doxycycline-treated cells were exposed to thymidine for (18 h) due to their extended cell cycle division time. Thymidine was removed by washing the monolayer three times in warm PBS. Fresh medium without thymidine was added for 8 h to release cells. After release, regular growth medium with 2 mM thymidine was added for 16 h (without doxycycline) or 18 h (with doxycycline). After the second thymidine block, cells were released by washing in PBS and adding fresh medium. G 1 -phase cells (generally 70 ± 5% of the synchronized cell population) were irradiated immediately after release. Cells synchronized in S phase (generally 65 ± 5% of the synchronized cell population) were irradiated 4 to 5 h after release.
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Survival Studies
AA8, rad51d
2/2 and RAD51D complemented cells were plated immediately after irradiation in serial dilutions at 100 to 10,000 cells per T-25 flask (depending on the dose applied). After 11 days of incubation, colonies were stained in crystal violet solution. The fraction of surviving cells was obtained from the ratio of colonies obtained for a given dose to the number of colonies obtained in the nonirradiated control. Plating efficiencies for AA8 and RAD51D complemented cells usually were between 0.8 and 0.9. Plating efficiencies for rad51d 2/2 cells were ,0.7, as described previously (32) . U2OS-T-Rex-shRNA-rad51 cells were plated immediately after irradiation in serial dilutions at 200 to 60,000 cells per T-25 flask (depending on the dose applied). After 17 days of incubation, colonies were stained in crystal violet solution. Plating efficiencies ranged from 0.30 to 0.45.
For human lymphoblastoid cell lines, an aliquot of each culture was seeded immediately after the irradiation into 96-well plates at 1-60 cells/well to determine the surviving fraction. Colonies were counted after 11 days of growth, and the relative fractions of surviving cells were calculated according to standard methods (44, 45) .
Mutation Analysis
The mutation frequencies at the autosomal heterozygous TK locus were determined using standard procedures (45) . Cells were treated with CHAT (deoxycytidine, hypoxanthine, aminopterine and thymidine) containing medium for 48 h to eliminate pre-existing TK mutants from the cell population. Cells were then allowed to recover for 24 h in medium containing THC (thymidine, hypoxanthine and deoxycytidine) before transfections with siRNAs (see below). After irradiation, cells were kept in standard growth medium for 3 days to allow for degradation of remaining TK mRNA and then were plated in the presence of 2 mg/ml trifluorothymidine (TFT) for selection of TKdeficient mutants as described earlier (36) . Colonies were scored after 11 days of incubation (i.e. early-arising mutants), refed with TFT and scored again after an additional 7 days of incubation (i.e. late-arising mutants). Cells from each culture were also plated at ,1 cell/well in the absence of TFT for evaluation of the plating efficiencies. The mutant frequency is the ratio of the plating efficiency in the presence of TFT to the plating efficiency obtained without TFT.
Small Interfering RNA and Transfections
Small interfering RNAs (siRNAs) were obtained from Qiagen (Valencia, CA). The lead siRNA sequences used were r(CACUCU-CUGUAAGCAUAUA)d(TT) and r(AAA UCU UCC CGA CAGC-CAA)d(TT) for RAD51D#2 and RAD51D#6, respectively, r(CCGCUAUUACCGUAUCUUA)d(TT) for XRCC4, and r(UU-CUCCGAACGUGUCACGU)d(TT) for the validated negative control. A BLAST search of the human genome database was carried out to ensure that these sequences would not target other gene transcripts. Transfections of TK6 or WTK1 cells were performed on the day after THC treatment in serum-free RPMI 1640 medium using lipofectamine2000 (Invitrogen, Carlsbad, CA) according to the instructions of the manufacturer. SiRNA/lipofectamine2000 complexes were formed at a 1:1 ratio, and the concentrations of the siRNAs in transfections were 100 nM. Horse serum was added to 10% 4 to 6 h after addition of the siRNA/lipofectamine 2000 complex. Cells were irradiated 72 h after transfection, and knockdown of RAD51D and XRCC4 was assessed by Western blot analysis.
Western Blot Analysis and Antibodies
Western blot analysis was carried out according to our standard procedures (33) . The following primary antibodies were used: for RAD51D (Novus Biologicals, Littleton, CO), for XRCC4 (kind gift of Dr. S. Yannone), for QM (Santa Cruz Biotechnology, Santa Cruz, CA) and for RAD51 (EMD, Darmstadt, Germany). HRP-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) was used as secondary antibody.
Flow Cytometry (FACS) Analysis
A Beckman Coulter EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA) was used for the analysis of cell cycle distributions. This instrument uses an argon-ion air-cooled laser (emission at 488 nm/15 mW power) and XL Data Acquisition and Display software. Briefly, 10 6 cells were pelleted, washed in cold PBS, repelleted and resuspended in 50 ml PBS. Cells were fixed by adding 10 ml of ice-cold 70% ethanol/PBS and kept at 4uC for at least 2 days. Ethanol-fixed cells then were repelleted and resuspended in 5 ml 30% ethanol/PBS for 2 min at 4uC, repelleted and resuspended in 1 ml 0.05% BSA/PBS for 2 min at 4uC. Cells were spun down again and resuspended in staining solution (40 mg/ml RNase A and 50 mg/ml propidium iodide in PBS) before being analyzed at 488 nm excitation with a 630-nm long-pass filter.
Indirect Immunofluorescence
Asynchronous CHO cells were grown on four-well slides. HCA2-hTERT cells were grown on four-well slides and synchronized in G 1 / G 0 or in S phase as described above. For exposure to 1 GeV/nucleon iron ions, chamber slides were positioned at a small angle (,4u) parallel to the particle beam to obtain particle traversals parallel to the monolayer. Cells were fixed in 4% paraformaldehyde/0.2% Triton X-100 in PBS at room temperature for 20 min. Cells were then permeabilized with 0.5% Triton X-100 in PBS for 20 min, washed in PBS, blocked in 2% BSA in PBS overnight, and incubated with primary antibodies to RAD51 (H-92, Santa Cruz Biotechnology, 1:1000; or ab213, Abcam, Cambridge, MA, 1:500), to 53BP1 (BP13, Millipore, Billerica, MA, 1:1000; or A300, Bethyl Laboratories, Montgomery, TX) or cyclin A (H-432, Santa Cruz Biotechnology) in 2% BSA/PBS at 4uC overnight. After further washes with PBS, the cells were incubated for 1 h with Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor 594 goat anti-mouse IgG (Invitrogen, 4 mg/ml). DNA was stained by DAPI (50 ng/ml). The slides were viewed at 20003 magnification with a Zeiss Axioskop microscope.
Statistical Analysis
Statistical analysis of cell survival data was performed using the results from three independent experiments for each cell line. The logarithms of the surviving fractions were subjected to regression analysis. The model used for each cell line and condition (high LET or low LET) represents the best fit to the data. For the data for high-LET radiation, the best fits were obtained with linear regression, while for the data for low-LET radiation the best fits were obtained with secondorder polynomial regression. The slopes of the fitted curves are reported ± SE. The statistical analysis was performed with the StatView 4.5 statistical package (Abacus Concepts, Berkeley, CA).
Statistical analysis of mutant fractions was performed on the data from at least three independent experiments, and statistical significance was assessed by Student's t test. P # 0.05 was considered significant, and mutation data are presented as means ± SE.
RESULTS
HRR-Deficient Hamster Cells Show Enhanced Sensitivity to the Cytotoxic Effects of 1 GeV/nucleon Iron Ions
Graded doses of 1 GeV/nucleon iron ions or X rays were used to determine the survival of CHO wild-type HOMOLOGOUS RECOMBINATION REPAIRS DSBs AFTER EXPOSURE TO IRON IONS (AA8) cells and HRR-impaired rad51d-deficient CHO cells. Rad51d-deficient cells were described previously (32, 33) . As shown in Fig. 1A, rad51d 2/2 cells show enhanced sensitivity to both iron ions and X rays. At 10% survival (D 10 ), rad51d
2/2 cells were 1.5-and 1.7-fold more sensitive to the cytotoxic effects of iron ions and X rays than their wild-type counterparts. The relative fractions of surviving cells for both CHO AA8 and rad51d 2/2 cells exhibited the expected higher relative biological effectiveness (RBE) of iron ions (RBE values at D 10 were 2.4 and 2 for wild-type and rad51d 2/2 cells, respectively). Ectopic expression of human RAD51D in rad51d-deficient cells at a level that fully complemented for mitomycin C sensitivity (33) also fully complemented rad51d-deficient cells for their enhanced sensitivity to X rays (Fig. 1A, right panel) and nearly complemented the sensitivity of rad51d 2/2 cells to iron ions (Fig. 1A , left panel; RBE 5 2.7), as reflected in the a value of the fitted survival curve for rad51d 2/2 complemented cells after iron-ion exposure. In accord with the higher sensitivity of rad51d-deficient cells to iron ions, RAD51 focus formation in these cells was abrogated after exposure to iron ions, but 53BP1 focus formation was not affected (Fig. 1B , panels E and F, respectively). RAD51 focus formation was re-established by ectopic expression of human RAD51D in rad51d-deficient cells (Fig. 1B, panel G) . These results showed that RAD51D (i.e. HRR) is required for limiting the cytotoxic effects of iron ions on CHO cells and for ensuring RAD51 focus formation in response to iron-ion irradiation.
HRR-Deficient Human Cells Show Enhanced Sensitivity to the Cytotoxic Effects of 1 GeV/Nucleon Iron Ions
Transient knockdown of either RAD51D (in HRR) or XRCC4 (in NHEJ) in human lymphoblasts was achieved by RNA interference. As shown in Fig. 2A , Western blot analysis confirmed that the siRNAs were effective and reduced the levels of RAD51D and XRCC4 protein in TK6 and WTK1 cells to ,10-20% of the levels in wild-type cells. Protein-depleted TK6 cells (Fig. 2B ) and WTK1 cells (Fig. 2C) showed enhanced sensitivity to the cytotoxic effects of both iron ions and X rays. Compared to TK6 cells transfected with the negative control siRNA, RAD51D-depleted TK6 cells were ,1.3-fold more sensitive to both iron ions and X rays at the D 10 , whereas XRCC4-depleted TK6 cells were ,1.4-fold more sensitive to iron ions and ,1.6-fold more sensitive to X rays than the control transfected cells. The RBE values (D 10 ) for iron ions were ,1.2 for control and RAD51D-depleted TK6 cells and ,1 for XRCC4-depleted TK6 cells. In p53 mutant WTK1 cells, knockdown of either RAD51D or XRCC4 also affected cellular sensitivity to both iron ions and X rays (Fig. 2C) . RAD51D-and XRCC4-depleted WTK1 cells were ,1.2-fold more sensitive (D 10 ) to iron ions than control transfected cells and ,1.3-and ,1.6-fold more sensitive (D 30 ), respectively, to X rays. The RBE values (D 30 ) were ,1.5 for control transfected, ,1.2 for RAD51D-depleted and ,1 for XRCC4-depleted WTK1 cells. These results showed that both HRR (as measured by RAD51D depletion) and NHEJ (as measured by XRCC4 depletion) are required for resistance of TK6 and WTK1 cells to 1 GeV/nucleon iron ions. However, the effects of protein knockdown (for both RAD51D and XRCC4) on the fraction of surviving cells after ironion exposure were more pronounced in p53 wild-type TK6 cells than in p53 mutant WTK1 cells.
In Human Cells, the Effects of HRR Deficiency on IronIon-Induced TK Mutagenesis are Dependent on p53 Status
We next asked whether impairment of HRR, a generally faithful DNA repair pathway, would affect the levels of iron-ion-induced mutagenesis in TK6 and WTK1 cells. TK6 and WTK1 cells differ in p53 status (38) (39) (40) , but they were derived from the same donor (37) , and each carries a mutated TK allele on the same chromosome 17 (41, 42) , allowing assessment of spontaneous and induced mutant fractions using the remaining TK wild-type allele. As shown in Fig. 3A , knockdown of RAD51D or XRCC4 did not increase the background mutant fractions in TK6 cells. For TK6 cells with low levels of RAD51D, no increase in ironion-or X-ray-induced TK mutant fractions was observed for any dose investigated (Fig. 3A , left and right panel, respectively), suggesting that HRR does not limit mutagenesis after exposure to X rays and after lower doses of iron ions in these p53 wild-type cells. Notably, after the highest dose of iron ions tested (1.2 Gy), fewer TK mutants were recovered from RAD51D-depleted cells than from control cells, possibly due to the inability of these highly damaged cells to cope with iron-ioninduced clustered lesions. In contrast, knockdown of XRCC4 in TK6 cells reduced the fraction of induced TK mutants to approximately 50% of wild-type levels for both iron ions and X rays (Fig. 3A, left and right panel,  respectively) , suggesting that in p53 wild-type cells NHEJ contributes to mutagenesis after exposure to both high-and low-LET radiation. Overall, iron ions were more efficient in inducing TK mutants in TK6 cells than X rays, and the RBE values for TK mutant fractions of control and protein-depleted cells were ,2.
In p53 mutant WTK1 cells, knockdown of either RAD51D or XRCC4 did not significantly affect the TK background mutant fractions (Fig. 3B) . However, knockdown of RAD51D led to an increase in recoverable TK mutants after exposure to both iron ions (1.6-to 2.4-fold, depending on the dose delivered) and X rays (1.5-to 2.4-fold, depending on the dose delivered). These results suggest that HRR is required to limit mutagenesis after exposure of WTK1 cells to both high-and low- LET radiation. In contrast to what we observed for TK6 cells, depletion of XRCC4 had no effect on the fractions of recoverable TK mutants from WTK1 cells exposed to iron ions or X rays. These results suggest that, under wild-type conditions, NHEJ (as measured by XRCC4 knockdown) does not contribute to mutagenesis in these p53 mutant cells. Since increased cell killing was seen in XRCC4-depleted compared to control-depleted WTK1 cells (see Fig. 2C ), it is unlikely that the extent of XRCC4 protein depletion was insufficient to uncover a phenotype for radiation-induced TK mutagenesis in these p53 mutant cells. Iron ions were more efficient in inducing TK mutants in WTK1 cells than X rays, and the RBE values for TK mutant fractions of control and protein-depleted cells were ,2.
RAD51 Focus Formation in Response to Iron Ions is Restricted to S/G 2 Phase
After X irradiation, DNA repair by HRR, as indicated by RAD51 focus formation, is restricted to S control is a non-specific non-depleting siRNA (see Fig. 2A ). Data are the means of at least three independent experiments ± SE. **P , 0.01, *P , 0.05, zP 5 0.06, 0.07, 0.08 and 0.16 (from left to right) compared to cells transfected with the negative control siRNA. Radiation-induced mutant fractions are corrected for background mutant fraction (i.e. mutant fraction at 0 Gy).
HOMOLOGOUS RECOMBINATION REPAIRS DSBs AFTER EXPOSURE TO IRON IONS
and G 2 phases of the cell cycle (46, 47) . However, RAD51 focus formation and its dependence on cell cycle stage in response to high-LET radiation had not been investigated. To do so, we synchronized HCA2-hTERT immortalized human fibroblasts in G 1 /G 0 or S phase using a published procedure (43) . Synchronization was highly efficient and resulted in 90 ± 5% of the total cell population in G 1 /G 0 and 75 ± 5% of the total cell population in S phase at the time of exposure to the iron-ion beam (Supplementary Fig. 1A ). Iron-ion-induced RAD51 foci were detected in S/G 2 cells but not in G 1 cells (Supplementary Fig. 1B) . Within irradiated nuclei, microfocal accumulations (48) of RAD51 were seen in smaller areas, but overall they localized to the same regions as the DSB sensor and checkpoint protein 53BP1 (Supplementary Fig. 2A ). RAD51 foci resolved within 24 h after exposure to 2 Gy 1 GeV/nucleon iron ions ( Supplementary Fig. 2B ).
S-Phase Human Cells Show Resistance to the Cytotoxic Effects of 1 GeV/nucleon Iron Ions
We investigated whether human cells synchronized in S phase would exhibit cellular resistance to 1 GeV/ nucleon iron ions compared to G 1 -phase cells. We used the p53 wild-type human U2OS osteosarcoma cells, which can be synchronized efficiently at the G 1 /S border using a double thymidine block. To compromise HRR in these cells, we generated a U2OS derivative (U2OS-TRex-shRNA-rad51) in which tetracycline-regulated expression of a RAD51-depleting shRNA can be induced (see Methods). As shown in Fig. 4A , knockdown of RAD51 in U2OS cells was obtained efficiently after treatment with doxycycline, and RAD51 protein levels were reduced to ,30% and ,50% of the wild-type protein levels in cells synchronized in G 1 and in S, respectively. (Note that RAD51 is a protein that is essential for cell viability. This most likely accounts for the moderate levels of RAD51 knockdown observed.) For irradiations in G 1 , cells were exposed to iron ions or X rays immediately after the second thymidine block. For irradiations in S phase, cells were exposed to iron ions or to X rays between 5 and 6 h after release from the second thymidine block (Fig. 4B) , and generally 70 ± 5% and 65 ± 5% of the synchronized cell populations were in G 1 or S phase, respectively, at the time of the irradiations. G 1 cells showed increased sensitivity to both 1 GeV/nucleon iron ions ( Fig. 4C; 1 .6-fold) and X rays ( Fig. 4D; 1 .7-fold) as determined by colony formation assays, and the RBE values (D 10 ) obtained were 2.6 and 2.5 for cells synchronized in S phase and G 1 phase, respectively. Depletion of RAD51 in S-phase cells reduced clonogenic survival after exposure to iron ions (Fig. 4C) but not as extensively as after X irradiation (Fig. 4D) . These results show that in p53 wild-type Sphase cells RAD51-mediated HRR reduces the cytotoxicity of high-energy iron ions, although to a smaller extent than observed after X-ray exposure, suggesting the operation of additional S-phase-specific DNA repair processes in human cells exposed to high-LET radiation.
DISCUSSION
We studied whether homologous recombinational DNA repair (HRR) is an important pathway for the repair of spatially correlated complex DSBs such as introduced by 1 GeV/nucleon iron ions. Our investigation was initiated by several published reports that approached the question indirectly. First, non-homologous end joining (NHEJ) was progressively inhibited by an increase in the structural complexity of DSBs in vitro (49) , suggesting that secondary lesions proximal to the DSB end and within the footprint of the eukaryotic NHEJ complex would interfere with the end-joining process. Second, high-LET radiation was shown to stimulate HRR in CHO cells (50) . Third, a defect in the ATR signaling and checkpoint protein, which decreased the efficiency of HRR, was shown to increase the sensitivity of human cells to 1 GeV/nucleon iron ions (51) . More recent studies, all carried out in rodent cells, now describe a direct role for HRR in DNA repair after exposure to high-LET radiation, including 1 GeV/ nucleon iron ions (26, 52) . These studies suggest that bi-stranded clustered lesions are left unrepaired in G 1 phase, to be processed by HRR in S phase through restart of broken replication forks by strand invasion. We also had hypothesized that, for a fraction of spatially correlated breaks induced by high-energy iron ions, extensive resection of the DSB ends to generate protruding 39-overhangs for HRR would be a more feasible way to repair these lesions than NHEJ.
We found that CHO cells deleted for the RAD51D gene (i.e. deficient in HRR) showed increased sensitivity to the cytotoxic effects of iron ions compared to wildtype cells and that ectoptic expression of human RAD51D in rad51d-deleted cells returned their sensitivity to iron ions to close to levels in wild-type cells. (Note that although they are similar, there is no overlap in the a values when the surviving fractions for each cell type are analyzed by linear regression.) In these experiments, we chose a RAD51D-complemented CHO clone whose protein expression level for human RAD51D was very similar to that of endogenous hamster RAD51D expressed in AA8 wild-type CHO cells, as demonstrated previously (33) . Our results showing full complementation for cell survival in response to graded doses of X rays also support a role for human RAD51D in the response to ionizing radiation. We obtained RBE values for iron ions (D 10 ) of 2.4 and 2 for wild-type and rad51d-deficient cells, respectively, which are virtually identical to those reported by Wang and collaborators (26) for the same type of high-LET radiation and AA8 and irs1SF cells. Irs1SF cells also are deficient in HRR due to inactivation of the XRCC3 gene (53) . Although NHEJdeficient rodent cells were not included in our study, they were part of the investigation by Wang and collaborators (26) , who obtained RBE values (D 10 ) of ,1 for ku80-deficient mouse embryonic fibroblasts (MEFs) exposed to 1 GeV/nucleon iron ions, supporting their additional results for the specific inhibition of the NHEJ pathway after exposure to high-LET radiation in rodent cells. From our data we infer that HRR is active in rodent cells after exposure to 1 GeV/nucleon iron ions and that proper function of this high-fidelity DNA repair pathway is required to fully protect CHO cells against the cytotoxic effects of iron ions.
RAD51 is the key protein in HRR; it forms a filament on single-stranded DNA, a filament that is essential for homology search and strand invasion. Ongoing HRR can be detected as RAD51 focus formation by immunostaining and fluorescence microscopy, and rodent and human cells impaired in HRR due to loss of a RAD51 paralog are impaired in RAD51 focus formation after exposure to low-LET radiation (32, 47) . As reported here, in response to exposure to high-LET iron ions, rad51d-deficient CHO cells were also unable to form RAD51 foci, but ectopic expression of human RAD51D in rad51d 2/2 cells reverted RAD51 focus formation back to the levels in wild-type cells, indicative of (1) the causal relationship between cellular sensitivity and ongoing HRR and (2) the functionality of the heterologous human RAD51D protein in CHO cells deleted for the hamster RAD51D gene. In hTERTimmortalized human fibroblasts exposed to iron ions, RAD51 focus formation was restricted to S/G 2 phase and was absent from G 1 -phase cells (Supplementary Fig.  1 ), further pointing to the biological relevance of the HRR pathway after exposure to high-LET radiation. Since RAD51 binds directly to single-stranded DNA, it also accumulated into microfoci after exposure to high-LET radiation (Supplementary Fig. 2 ), as demonstrated earlier after laser microirradiation (48) .
Human lymphoblast cells depleted for RAD51D also show enhanced sensitivity to iron ions. However, the effects of RAD51D protein knockdown on cell survival are more pronounced in p53 wild-type TK6 cells than in p53 mutant WTK1 cells. The reason for this difference is unclear, but we speculate that mutagenic DNA repair pathways [i.e. NHEJ, single-strand annealing (SSA) or microhomology-mediated end-joining (MMEJ)] may substitute at higher levels in p53 mutant cells, rescuing cytotoxicity in the absence of fully functional HRR. Conversely, since we observed that RAD51D knockdown is more deleterious for iron-ion-induced cytotoxicity in TK6 cells, these p53 wild-type cells may rely more heavily on faithful HRR and may not tolerate unfaithful DNA repair events in substitution for HRR. Our results for high-and low-LET radiation-induced mutagenesis are in support of this speculation, because very different effects of RAD51D knockdown on ironion-induced mutagenesis were observed in TK6 and WTK1 cells (see below). Although the RBE values (D 10 ) obtained for the death of control and DNA repair protein-depleted cells (both TK6 and WTK1 cells) ranged only from ,1-1.5, it is interesting to note that for both TK6 cells and WTK1 cells the smallest RBE values (i.e. ,1) were obtained for their respective XRCC4-depleted cell populations. This observation is in accord with the recently published report on repairdeficient rodent cells, demonstrating the smallest RBEs for NHEJ deficiency due to the specific inhibition of this DNA repair pathway by 1 GeV/nucleon iron ions (26) .
The inhibition of the HRR pathway via knockdown of RAD51D has different effects on the outcome of mutagenesis at the thymidine kinase (TK) locus in ironion-exposed TK6 and WTK1 cells. Notably, when expression of RAD51D was reduced, TK mutant fractions were increased significantly in iron-ion-and X-irradiated WTK1 cells. In these cells, approximately twice as many TK mutants were recovered from RAD51D-depleted cells than from control-transfected cells at all iron-ion and X-ray doses investigated. These results suggest that in the absence of faithful HRR, unfaithful DNA repair pathways take over, leading to elevated levels of mutagenesis in permissive (i.e. p53 mutant) human cells. Conversely, no such increase in mutagenesis was observed in HRR-compromised p53 wild-type cells, suggesting that precise HRR is tightly regulated in TK6 cells, does not lead to the induction of TK mutations, and cannot be substituted for by errorprone DNA damage repair pathways. However, downregulation of NHEJ (i.e. XRCC4) in p53 wild-type cells limited mutagenesis after both iron-ion and X irradiation, demonstrating that NHEJ is a mutagenic DNA repair pathway active in TK6 cells after exposure to both high-and low-LET radiation. Unexpectedly, this was not observed for XRCC4-depleted WTK1 cells, for which the levels of iron-ion-and X-ray-induced TK mutant fractions remained at those of control-transfected cells. These results indicate that NHEJ does not contribute to mutagenesis in WTK1 cells under wildtype repair conditions. This finding suggests that errorprone homology-mediated events such as SSA, MMEJ [for review, see ref. (54)], or PARP-dependent alternative end joining (55, 56) may account for radiationinduced mutagenesis in these p53 mutant cells. It is unlikely that the levels of XRCC4 depletion were insufficient to uncover a phenotype for reduced radiation-induced mutagenesis in WTK1 cells under conditions in which NHEJ was impaired, since the same cells demonstrated reduced clonogenic potential after irradiation.
In our previous investigation (36) we analyzed ironion-induced TK mutation spectra in both TK6 and WTK1 parental cells and found that most of the TK mutants induced showed loss of heterozygosity, generated by the formation of large deletions (one silent allele remaining). Only in WTK1 cells did we see a significant fraction of mutants induced (,M) that were also due to interhomolog recombination (i.e. two silent alleles present). In WTK1 cells with diminished HRR due to knockdown of RAD51D, fewer of these types of TK mutants (two silent alleles) are expected to arise. Instead, it is likely that a higher fraction of TK mutants will be due to deletion events (one silent allele). In TK6 cells, we expect that depletion of XRCC4, which reduces the number of recoverable TK mutants after exposure to low-and high-LET radiation, will result primarily in loss of deletion-type mutations. Studies to test these expectations are ongoing.
Our results for X-ray-induced mutagenesis in repaircompromised TK6 cells are very similar to those reported by Zhang and collaborators (57) . In TK6 cells exposed to c rays, they found a decrease in TK mutant frequencies after DNA-PKcs (i.e. NHEJ) knockdown but no change in TK mutant frequencies after RAD54 (i.e. HRR) knockdown. In their study, the effects of high-LET radiation on mutagenesis in TK6 cells were 36 not investigated, but the effects of both c-ray-and ironion-induced TK mutagenesis in repair-compromised WTK1 cells were studied (57) (58) (59) . Similar to our results, they observed increased c-ray-induced TK mutant fractions for HRR-impaired (i.e. knockdown of RAD54) WTK1 cells, but unlike our results, they observed an increase in c-ray-and iron ion-induced TK mutant fractions for NHEJ-impaired (i.e. knockdown of DNA-PKcs) WTK1 cells. The reasons for this discrepancy are unclear. However, both observations suggest that a deficiency in NHEJ does not reduce radiation-induced mutagenesis in p53 mutant WTK1 cells. These results presumably are due to the fact that other mutagenic DNA repair pathways such as SSA, MMEJ, alternative end-joining or unfaithful HRR occur when both NHEJ is impaired and p53 is nonfunctional. Furthermore, it is possible that in the absence of DNA-PKcs but in the presence of XRCC4 (57-59), DSBs are processed by a specific repair mechanism that is particularly mutagenic. We speculate that this repair mechanism cannot operate when DNAPKcs is present and XRCC4 is diminished, the situation investigated.
HRR is restricted to late S and G 2 phase of the cell cycle when the sister chromatid is present, and HRRdefective cells show S-phase-dependent radiosensitivity [for review, see ref. (6)]. In repair-proficient human cells, S-phase-dependent radioresistance to high-energy iron ions had not been investigated. To the best of our knowledge, our results for a derivative of U2OS cells are the first to show S-phase-dependent radioresistance for human cells after exposure to high-LET iron-ion radiation, and our findings are in accord with those of Blakeley and coworkers (60) for synchronized human T-1 cells and 425 MeV/nucleon neon ions. To our surprise, the difference in radioresistance between U2OS cells irradiated in G 1 or S phase was almost as pronounced after exposure to iron ions as after X irradiation [sensitivity factors (D 10 ) were 1.6 and 1.8, respectively], suggesting that S-phase-specific DNA repair pathways (i.e. HRR and SSA) are as important after iron-ion exposure as they are after X irradiation. Notably, whereas knockdown of RAD51 in S-phase U2OS cells reduced X-ray resistance to the levels in G 1 -phase cells, a significantly smaller decrease in radioresistance was observed for iron-ion-exposed RAD51-depleted cells in S phase. As recently discovered in rodent cells (52), we propose that SSA, a mutagenic sub-pathway of HRR that is restricted to S/G 2 cells and that requires DSB end resection but is independent of RAD51, operates at higher levels after high-LET irradiation than after low-LET irradiation. However, if we assume that NHEJ is fully functional in S-phase U2OS cells depleted for RAD51, it is also possible that in iron-ion-irradiated Sphase cells a higher fraction of the induced DSBs are repaired by NHEJ. Compared to X rays, HRR in S phase would then be less important after exposure to high-LET radiation.
In summary, proper HRR is required to fully protect both human and rodent cells from the cytotoxic effects of iron ions. Furthermore, in permissive human cells (i.e. cells with a gain-of-function mutant p53), a reduced level of HRR leads to a significant increase in iron-ioninduced mutant fractions. No such increase in mutagenesis is observed in HRR-compromised p53 wild-type cells. While HRR is important for some lesion repair (i.e. helps limit cytotoxicity), recombinational repair events in p53 wild-type cells are highly controlled, they are mostly faithful, and they cannot easily be substituted for by other DSB repair pathways. In addition to HRR, our results support a role for other S-phase-specific DNA repair pathways after high-LET irradiation. These pathways are currently the subject of intense investigation in rodent cells (52) and should also be investigated in human cells to better understand the cancer risks for astronauts after exposure to space radiation. Supplementary Fig. 2 . RAD51 and 53BP1 localize to the same areas in HCA2-hTERT fibroblasts exposed to iron ions. Panel A: Overlap (yellow) between RAD51 (green) and 53BP1 (red) is rare at 30 min after exposure to 2 Gy 1 GeV/nucleon iron ions but is clear at 1 h postirradiation and persists up to 8 h postirradiation. Panel B: Time course of RAD51 focus formation and resolution in HCA2-hTERT fibroblasts exposed to 2 Gy 1 GeV/nucleon iron ions in S phase. Data are the means from three different experiments with 100 nuclei analyzed for each experiment ± SE. http://dx.doi.org/ 10.1667/RR1910.1.S2 HOMOLOGOUS RECOMBINATION REPAIRS DSBs AFTER EXPOSURE TO IRON IONS 37
